Introduction
There is a constant attention focused on developing functional foods and nutraceuticals 1, 2 , which are those that by the presence of physiologically active components, provide health benefits beyond basic nutrition 3 . Carotenoids, flavonoids, tannins, tocotrienols, phytosterols, polyphenols, omega-3 fatty acids, and medium chain triglycerides, are some functional components from plants or animals 4 .
Researchers strive to develop more effective delivery systems for these functional compounds 5, 6 . Phospholipids
PLs , providing their physiological roles, are versatile ingredients for the formulation of systems to deliver functional compounds 7, 8 , PLs possess a very low toxicity and SPLs can be prepared by various synthesis routes 17, 18 .
Lipases 19 and phospholipases 20 provide powerful tools for their synthesis by acidolysis. This interesterification reaction is a two-step reaction involving hydrolysis and further esterification. However, the formation of by-products, due to parallel hydrolysis reactions and acyl migration, is a serious problem in the reaction system and as consequence the yield of the acidolysis reaction is decreased 21 .
In order to reduce the formation of by-products, and increase the production of SPLs, the reaction conditions should be selected with care during the reaction 22 . Several studies have been published concerning the relevant parameters for the reaction: type and amount of enzyme, reaction time, type and amount of solvents on the system, the presence of water, type and ratio of substrates, and the reaction temperature 21, 23 31 .
The objective of this study was to optimize the production of modified phosphatidylcholine via the acydolisis reaction between phosphatidylcholine and free medium chain fatty acid, in order to obtain the highest yield of structured phosphatidylcholine with medium chain fatty acid. The effects and relationships among three factors, where the reaction temperature, enzyme load, and molar substrate ratio, were modeled using response surface methodology, to obtain the optimal reaction conditions.
Materials and Methods

Materials
Phospholipase 
Analysis of the PLs species by HPLC
Samples withdrawn from the reaction mixture were dissolved in methanol and diluted to a concentration of 10 mg/mL based on initial concentration of PC; 10 µL were injected into a Waters HPLC System fitted with a Partisil silica column 5 µm, 4.6 250 mm . The mobile phase consisted of acetonitrile/methanol/phosphoric acid 130:5:1.5 v/v/v run isocratically at a flow rate of 1.5 mL/min. PLs species: unreacted phosphatidylcholine PC , modified phosphatidylcholine PC mod , and lysophosphatidylcholine LPC , were detected at 205 nm with a UV-visible detector Waters model 2487 . Peaks were identified using external standards.
Experimental design and statistical analysis
Experiments were conduced using a central composite design to investigate the linear, quadratic, and cross-product effects of three factors, each varied at five levels, and also included the central point that was replicated six times. The three factors were the molar ratio of substrates S, PC/MCFA , enzyme loading E, with respect to the total weight of substrates , and reaction temperature T, . The percent of modified phosphatidylcholine PC mod of the total PC unreacted plus modified was used as the response. The design of the experiments employed is depicted in Table 1 . Data from the experiments were analyzed by response surface methodology RSM , to fit a second-order model to the independent variables, using the statistical software package STATISTICA V. 6.0 from StatSoft, Inc. Tulsa, OK . Responses were fitted to the factors by multiple regression; and model fitting were evaluated by the coefficient of determination R 2 and analysis of variance ANOVA . The significance of the results was established at p ≤ 0.05.
Scale-up of the acidolysis reaction
Acidolysis was scaled-up at the optimal conditions of enzyme load, temperature, and molar ratio of substrates. 300 grams of substrates were placed in a glass reactor and mixed with the immobilized enzyme. The reaction was carried out in an orbital shaker operating at 300 rpm at the optimal temperature for 24 h. Samples were withdrawn at 1, 3, 6, 9, 12, and 24 h, to determine the percent of modi-fied phosphatidylcholine PC mod , the extent of incorporation of MCFA into PC, and total yield of PC unreacted plus modified .
Recovery and analysis of structured phosphatidylcho-
line SPC SPC, enriched with MCFA, was recovered from the acidolysis reaction mixture by column chromatography according to the method reported by Vikbjerg et al. 33 , with slight modifications. A column 460 57 mm was packed with 600 g of reagent grade silica 60-200 mesh, 150 Å ; free fatty acids were eluted with chloroform, while chloroform/methanol 65:35 v/v was used to elute the SPC, and pure methanol to elute LPC. SPC recovered was identified by HPLC, and its fatty acid composition was determined by GC, according to the method described previously 34 .
Results and Discussion
PLA 1 -catalyzed acidolysis reaction
The use of PLA 1 immobilized on Duolite A568 46 mg protein/g support, achieved from a suspension initially containing 75 mg protein/g support for synthesis of SPC by acidolysis reaction between PC and free MCFA was the first step in the present work. This result is consistent with that reported by Garcia et al. 28 In order to obtain the highest production of modified PC, a central composite Abbreviations: S, molar ratio of substrates (PC/MCFAs); E, enzyme loading (wt％ based on total amount of substrates); T, reaction temperature (℃).
Fig. 1
Kinetics of modified PC production by acidolysis reaction between phosphatidylcholine and free medium chain fatty acid, using PLA 1 immobilized on Duolite, for each of the treatments R1 -R15 , according to the experimental design. Reaction conditions: S, mole ratio of substrates PC/MCFA ; E, enzyme loading wt based on the amount of substrates ; and T, reaction temperature , are shown in Table 1 .
design was selected. The factors evaluated for the design were substrates molar ratio, enzyme load and reaction temperature. The time course of the modified PC production by PLA 1 Lecitase ® Ultra for each of the treatments, according to the experimental design see Table 1 , is shown in Fig. 1 . At first, and as expected for all the treatments evaluated, the content of modified PC increased with reaction time, whereas that of unreacted PC decreased data no shown . Acidolysis is a two-step reaction comprising hydrolysis of native PC to form LPC, and further reesterification of LPC formed in the first step of the reaction to obtain a modified PC with a new fatty acid 21 . HPLC analysis of the reaction products shows how the PC composition changed in the samples taken at different reaction times. One to three peaks were observed for samples taken during acidolysis. These peaks represent, in corcondance with Fig. 2 , to the unreacted PC LL-type PC , modified PC ML-Type PC and LPC 2-acyl LPC ; the retention times for each of the phospholipid species were 16.06, 18.59, and 29.48 minutes, respectively, and depends on the fatty acid composition. Additionally, acyl migration in these types of reactions lead to the formation of byproducts, 1-acyl-LPC and, by its subsequent enzymatic hydrolysis, glycerophosphatidylcholine GPC , as it is illustrated in Fig. 2 . In consequence, the production of modified PC and also, the total yield of PC in the acidolysis reaction decrease. Figure 1 shows the presence of maximal peaks of production of modified PC achieved at different reaction times 24, 12, 6, 3, and 1 h , for each of the enzyme concentrations tested 8, 16, 24, 32, and 40 , respectively according to the experimental design.
The highest production of modified PC 42.20 was reached after 6 h of reaction at 24 of enzyme loading, and a mole ratio of 1:12 PC/MCFA, for treatment 13 R 13 , and the second-best result was obtained with treatment 2 R 2 , that produced 39.21 of modified PC after 12 h of reaction at 16 of enzyme loading, and a mole ratio of 1:16 PC/MCFA. These results are similar to those obtained by Niezgoda et al. 35 , who used the term effective incorporation to indicate that native acyl residues in the sn-1 position have been exchanged for new fatty acid residues in the PC to obtain modified PC.
Parameters affecting the production of modi ed PC
The effects of molar ratio of substrates S , enzyme loading E , and reaction temperature T were evaluated on the acidolysis reaction between PC and free MCFA, Abbreviations: C, constant; S, molar ratio of substrates; E, enzyme loading; T, reaction temperature; R 2 , coefficient of determination of the models.
* The factor is significant at the ≤ 0.05 level.
using immobilized PLA 1 , in a central composite design, to obtain the highest production of modified PC. Regression coefficients of the model, their statistical significance for the response variable, and the percent of modified PC, are listed in Table 2 . All the parameters evaluated S, E, and T showed linear and quadratic significant effects on the production of modified PC. SE and ST did not show cross-significant effects, but ET did show such effects. A significant positive effect was exhibited by S; although E, ET, and TT also had positive effects, from 1 to 6 hours of reaction, after 6 hours of reaction, and after 9 hours of reaction, respectively. T, SS and EE were the parameters that had significant negative effects. The response surfaces and contour plots associated with the model parameters and interactions of Table 2 are displayed in Fig. 3 . According to the regression coefficients of the model, enzyme loading had the most significant effect on the production of modified PC. Enzyme loading has a significant effect on the acidolysis reaction not only because it influences reaction yield but it can also cause problems with agitation, especially when a solvent-free system is used in phospholipid modification 21, 36 . Analysis of Fig. 3 A , of the response surfaces obtained after 24 h of acidolysis, reveals that enzyme loading had a negative and significant effect on the production of modified PC PC mod . Although enzyme loading also showed positive effects on the production of modified PC during the first 9 h of the acidolysis reaction see the regression coefficients of the model in Table 2 . These results are consistent with those reported by Niezgoda et al. 35 who found that althougt the increase of enzyme load had a positive effect on the incorporation of fatty acids into PC, it also resulted in higher degrees of hydrolysis of PC, and increased content of LPC and GPC in the reaction mixture. They achieved the highest effective incorporation of fatty acids to PC 32 after 12 h of the reaction with 24 of enzyme loading, and did not increase when 30 of enzyme was applied. Chojnacka et al. 37 , Zhao et al. 38 , and Kim et al. 25 , also reported that greater enzyme loadings had a negative effect on the yield of PC; they obtained an optimal enzyme loading for production of structured PC of 20, 20, and 15 , respectively. The results of Fig. 3 B , indicate that increasing the reaction temperature decreased the production of modified PC PC mod , but Fig. 3 C , reveals the cross significant positive effect of ET; this figure shows that both a lower reaction temperature and a lower enzyme loading, or higher reaction temperature and a higher enzyme loading, increased the production of modified PC. This parameter T , according to the regression coefficients of the model, showed the second most significant effect on the production of modified PC.
Previous studies have also reported that elevated temperatures resulted in decreased PC concentration by a concomitant increase in LPC content also by acyl migration and by-product formation 21, 39, 40 . Meanwhile, Zhao et al. 38 observed a slightly higher PC yield at lower temperatures, although they did not observe significant differences in the tested temperature range. On the other hand, an increase in the reaction temperature of enzyme-catalyzed reactions resulted in increased reaction rates, according to Arrhenius s law, but also enzyme stability is influenced by temperature; higher temperatures reduce enzyme stability and its half-life through denaturation.
As shown in Fig. 3 A-B , the substrates molar ratio had a positive and significant effect on the production of modified PC PC mod . No cross significant effect of SE Fig.  3A and ST Fig. 3B could bee observed. The substrates molar ratio was the parameter that showed the least significant effect on the production of modified PC. These results are consistent with those reported by Adlercreutz et al. 41 who noted that according to the law of mass action, which defines a fundamental equilibrium constant, K 0 , the yield in the transesterication reaction is expected to increase with increasing fatty acid and/or 2-acyl LPC concentration.
Nevertheless, the increase in fatty acid concentration had two effects: it increased the yield and decreased the equilibrium constant, K 0 . So that the net effect is that the yield increased with increasing fatty acid concentration, but not as much as indicated by the law of mass action. The decrease in the equilibrium constant, K 0 , may have been caused by an increase in the polarity of the reaction medium upon addition of increasing amounts of fatty acids. In fact, Egger et al. 42 found a reaction rate reduction with increasing concentration of free fatty acids, and they suggest that this as a consequence of either an increased viscosity, a decreased solubility, or to the changes in the polarity of the reaction medium. Niezgoda et al. 35 indicated that, according to the law of mass action, a high fatty acid concentration increase the yield of esterification of 2-acyl LPC, but also inhibits the hydrolysis rate of PC and formation of 2-acyl LPC, which is an intermediate in the acidolysis process to produce modified PC. They obtained the highest incorporation of conjugated linoleic acid CLA into PC during lipase-catalyzed acidolysis when the CLA/PC molar ratio was increased to 4:1. However, at higher CLA/PC molar ratios, there was a reduction in the extent of incorporation of CLA into PC.
Optimization of the acidolysis reaction
Optimization of PLA 1 -catalyzed acidolysis for the production of modified PC, by incorporation of AGCM to PC, was also performed by Response Surface Methodology RMS . RSM is a convenient method for testing multipleprocess variables because fewer experimental trials are needed as compared with the study of one variable at a time. RSM answers the question of how to select the levels for the applied variables to obtain the desirable, smallest or largest, value of the response function using a reduced number of experiments 43 .
This methodology was applied to optimize the reaction system using three process parameters: molar ratio of substrates PC to free MCFA , enzyme loading, and reaction temperature. Optimal conditions obtained from the model were a molar ratio o substrates of 1:15, an enzyme loading of 12 , and 45 . Repeated reactions for producing SPC by acidolysis between PC and free MCFA were carried out in 25-mL Erlenmeyer flasks under the optimized conditions for verification of the model. Under these conditions, a production of modified phosphatidylcholine of 52.98 could be obtained after 24 h of reaction. The prediction was confirmed by the experiments.
The time course of the modified PC production by PLA 1 for the optimal conditions of reaction R OPT is depicted in Fig. 4 . This Figure shows that the maximum production of modified PC under optimal conditions, achieved after 24 h of reaction, was 53.02 , which is greater than those levels reached under the best experimental conditions tested, 42.20 for R 13 and 39.21 for R 2. These results suggest that RSM is a reliable tool for the optimization of the production of modified PC by acydolisis between PC and free MCFA. Other related works have reported the advantages of using the RSM to determine the effects of several variables and optimize the enzyme-catalyzed synthesis of SPLs 24, 27, 30, 36, 44 .
Acidolysis was scaled-up using the optimal conditions of molar ratio of substrates, enzyme loading, and reaction temperature. The mixture of substrates and immobilized enzyme were placed in a glass reactor and, the reaction was carried out by 24 h in order to obtain the highest modi- Fig. 4 Synthesis of modified PC PC mod by PLA 1 for treatments 2 R 2 , 13 R 13 , according to the experimental design, and optimal conditions R OPT . Optimal conditions: mole ratio of substrates PC/MCFA 1:15, enzyme loading 12 , and reaction temperature 45 . fied PC production. Figure 5 depicts the kinetics of production of modified PC PC mod , incorporation of MCFA into PC, and the total yield of PC unreacted plus modified for the scaling-up of the reaction. Under optimal conditions for acidolysis, scaling enabled us to obtain a production of modified PC of 53.02 , a molar incorporation of MCFA to PC of 42.31 , and a total yield of PC of 64.28 , after 24 h of reaction. Table 3 shows the yield of PC obtained in this study and in others that have been previously reported. These results reveal that we achieved a greater yield of PC at shorter reaction times; and according to Niezgoda et al. 36 we also attained greater production of modified PC.
SPC was separated from the reaction mixture, from free fatty acids and lysophosphatidylcholine LPC , by column chromatography. For the separation of free fatty acids 31 volumes 125 mL each of chloroform were required; for the separation of SPC 19 volumes of chloroform/methanol 65:35 v/v were required; and to separate LPC 15 volumes of methanol were used. The solid phase separation yielded 62.53 of SPC that was further identified by HPLC. The fatty acid composition of the SPC fraction obtained after 24 h of acidolysis was determined by GC. The SPC was composed by 42.52 mol of MCFA, 31.39 0.81 mol of caprylic acid, and 11.13 0.43 mol of capric acid; while the mole percentages of palmitic, oleic, and linoleic acid residues were substantially reduced. Table 4 shows the composition mol of the fatty acid residues in PC and SPC.
Conclusions
SPC containing high levels of MCFA was successfully prepared through acidolysis of PC and free MCFA catalyzed by immobilized phospholipase A 1 in a solvent-free system. RSM proved to be effective for reaction optimization. The optimum conditions were: PC to free MCFA molar ratio 1:15, enzyme loading 12 based on the mass of sustrates , and reaction temperature of 45 . Under these conditions, a production of 53.02 of modified PC was attained after 24 h. The yield of SPC and its molar incorporation of MCFA were 62.53 and 42.31 , respectively. All parameters evaluated showed significant effects on the production of modified PC; the order of parameters affecting were enzyme loading, reaction temperature, and molar ratio of substrates. 
